The period of industrialization and modernization has increased energy demands around the world. As with other countries, the Taiwanese government is trying to increase the proportion of renewable energy, especially solar energy resources. Thus, there are many solar power plants built in Taiwan. One of the most important components of a solar power plant is the solar panel. The solar panel supplier selection process is a complex and multi-faceted decision that can reduce the cost of purchasing equipment and supply this equipment on time. In this research, we propose fuzzy MCDM approach that includes fuzzy analytical hierarchy process model (FAHP) and data envelopment analysis (DEA) for evaluation and selection of solar panel supplier for a photovoltaic system design in Taiwan. The main objective of this work is to design a fuzzy MCDM approach for solar panel supplier selection based on qualitative and quantitative factors. In the first step of this research, FAHP is applied to define the priority of suppliers. The AHP combined with fuzzy logic (FAHP) can be used to rank suppliers; however, the disadvantages of the FAHP model is that input data, expressed in linguistic terms, depends on experience of experts and the number of suppliers is practically limited, because of the number of pairwise comparison matrices. Thus, we applied several DEA models for ranking potential suppliers in the final stages. As the result, decision making unit 1 (DMU 1) is the optimal solar panel supplier for photovoltaic system design in Taiwan. The contribution of this research is a new fuzzy MCDM for supplier selection under fuzzy environment conditions. This paper also lies in the evolution of a new approach that is flexible and practical to the decision maker. It provides a useful guideline for solar panel supplier selection in many countries as well as a guideline for supplier selection in other industries. Abstract: The period of industrialization and modernization has increased energy demands around the world. As with other countries, the Taiwanese government is trying to increase the proportion of renewable energy, especially solar energy resources. Thus, there are many solar power plants built in Taiwan. One of the most important components of a solar power plant is the solar panel. The solar panel supplier selection process is a complex and multi-faceted decision that can reduce the cost of purchasing equipment and supply this equipment on time. In this research, we propose fuzzy MCDM approach that includes fuzzy analytical hierarchy process model (FAHP) and data envelopment analysis (DEA) for evaluation and selection of solar panel supplier for a photovoltaic system design in Taiwan. The main objective of this work is to design a fuzzy MCDM approach for solar panel supplier selection based on qualitative and quantitative factors. In the first step of this research, FAHP is applied to define the priority of suppliers. The AHP combined with fuzzy logic (FAHP) can be used to rank suppliers; however, the disadvantages of the FAHP model is that input data, expressed in linguistic terms, depends on experience of experts and the number of suppliers is practically limited, because of the number of pairwise comparison matrices. Thus, we applied several DEA models for ranking potential suppliers in the final stages. As the result, decision making unit 1 (DMU 1) is the optimal solar panel supplier for photovoltaic system design in Taiwan. The contribution of this research is a new fuzzy MCDM for supplier selection under fuzzy environment conditions. This paper also lies in the evolution of a new approach that is flexible and practical to the decision maker. It provides a useful guideline for solar panel supplier selection in many countries as well as a guideline for supplier selection in other industries.
Introduction
Nowadays, Taiwan's fossil fuel resources have been exhausted due to over-exploitation. As other countries, the over-exploitation of fossil fuels leading to exhaustion occurs. Taiwan has been importing materials and primary energy for electricity production, the development of renewable energy will help Taiwan diversify, self-reliant power supply and environmental protection. As Taiwan's new electricity rates, which come with an average hike of 3 percent, electricity rates will be raised by an average of NT$2.6253 (US$0.09) per kilowatt-hour (kWh). Thus, the government of Taiwan encourages the development of renewable energy, intelligent grid technology, and new energy technologies, as well as studied on how to exploit renewable energy sources.
The reduction in the Emissions of Carbon Dioxide (ERCD) signifies an environmental improvement when a PV system is used as an alternative to a mix of fossil fuels. The sustainability of a PV system is defined also by estimation of the energy and environmental performances [1] .
A previous analysis has quantified these values for Italian context: Energy Payback Time (EPBT) is equal to 2.4-3.0 years, Greenhouse Gas Payback Time (GPBT) is equal to 2.5-3.2 years, Energy Return on Investment (EROI) is equal to 6.2-7.9 and Greenhouse Gas Return on Investment is equal to 5.8-7.5 [2] . ERcd permits a comparison between PV source and a mix of fossil fuels. The use of PV helps increase the efficiency of a photovoltaic/energy storage [3] . Especially in the context of the rapidly growing industry that now leads to exhausted fossil fuels, the use of PV is essential.
Therefore, there are many solar power plant are building in Taiwan. One of the most important components of a solar power plant is the solar panel. The process of transferring from a solar cell to a photovoltaic (PV) system is shown in Figure 1 .
Sunlight is converted to electricity by solar panels. Photovoltaic modules constitute the photovoltaic array of a system that generates and supplies solar electricity. Each module is rated by its DC output power under standard test conditions, and typically ranges from 100 to 365 W. The efficiency of a module defines the area of a module given the same rated output-an 8% efficient 230 W module will have twice the area of a 16% efficient 230 W module. There are a few commercially available solar modules that exceed efficiency of 24% [4, 5] . The process of transferring from a solar cell to a photovoltaic (PV) system is shown in Figure 1 . Nowadays, the price of solar power has fallen to levels that make it cheaper than ordinary fossil fuel based electricity from the electricity grid, a phenomenon known as grid parity [6] .
Several studies have used multi-criteria decision making (MCDM) approaches to various fields of science and engineering, and this trend has been increasing for many years. Supplier selection is one of the fields to which the MCDM approach has been applied, yet very few studies consider this problem under fuzzy environmental conditions. Hence, we are motivated to study a proposed fuzzy MCDM approach that includes fuzzy analytical hierarchy process model (FAHP) and data envelopment analysis (DEA) for evaluation and selection of solar panel supplier for a photovoltaic system design in Taiwan. In industrial context this paper investigates how to increase the efficiency of a photovoltaic/energy storage.
A generic process of MCDM is shown in Figure 2 . In the first stages of this work, FAHP is proposed for determining the priority of suppliers. FAHP is a widely used decision making technique in many MCDM problems and FAHP method is one of the best for determining the weight of criteria and alternatives. The steps for implementing the FANP model are as follows:
Step 1 Calculation of TFN's
Step 2 Calculation of Q 1
Step 3 Calculation of Q Y Step 4 Calculation of R
Step 5 Calculation of wb βl
Step 6 Calculation of W bl , W bz
Step 7 Calculation of X be
Step 8 Calculation of W bz .
The FAHP or AHP can be used for ranking suppliers but the disadvantage of the FAHP model is that input data, expressed in linguistic terms, depends on experience of experts. Thus, we applied several DEA models for ranking solar panel suppliers in final stages of this research. The three main phases in carrying out an efficiency study by means of DEA are the following:
Step 1 Definition and selection of DMUs to enter the analysis.
Step 2 Determination of input and output factors which are relevant and suitable for assessing the relative efficiency of the selected DMUs.
Step 3 Application of the DEA models and analysis of outcomes.
An optimal supplier are identified as extreme efficient at all proposed DEA models. The remainder of the papers provides background materials to assist in developing the fuzzy MCDM approaches. Then, a hybrid FAHP-DEA model is proposed to select solar panel supplier in Taiwan. The results, discussion, and the contributions are presented at the end of the paper.
Literature Review
Selecting a supplier is a multi-criteria decision, and complex to find an optimal solution to select the right supplier. Several different critical decision-making methods are identified by the scholarly analysts such as the AHP, ANP, FANP, artificial neural networks (ANN), case based reasoning (CBR), data envelopment analysis (DEA), genetic algorithm (GA), fuzzy set theory, mathematical programming (MP) etc. [7] .
The Analytical Hierarchy Process (AHP), also known as hierarchical analysis, was studied and developed by Thomas L. Saaty [8] . Bisides, Ghodsypour et al. [9] consider both tangible and intangible factors in choosing the best suppliers and placing the optimum order quantities among them such that the total value of purchasing (TVP) becomes maximum. The comparision of the total cost of ownership and analytic hierarchy process approaches to solve supplier selection was proposed by Bhutta [10] . Mohanty et al. [11] presented an application of analytic hierarchic process (AHP) for evaluating the sources of supply in a materials management situation. The AHP has used to structure the supplier selection procedure [12] and Weber et al. [13] given to the criteria and analytical methods used in the vendor selection process. Applied AHP method to rate vendor was done by Kingsman [14] . Nakagawa and Sekitani [15] addressed a new use of ANP on SCM strategic decision analysis such as a supplier selection and improvement of supply chain performance. Handfield et al. [16] used the AHP to evaluate the relative importance of various environmental traits and to assess the relative performance of several suppliers along these traits. Agarwal and Shanker [17] proposed an analytic network process (ANP) to analyze alternatives for improvement in supply chain performance. Besides, Sarkis and Sundarraj [18] showed ANP model combined with an optimization model can be used to conduct a comprehensive evaluation of these varied issues. Sarkis and Talluri [19] addresses the supplier selection with multiple factors.
A hybrid model including Fuzzy Analytical Hierarchy Process (FAHP), Fuzzy TOPSIS, and AHP, Axiomatic Design (AD) and Data Envelopment Analysis (DEA) to evaluate and selection suppliers proposed by Alptekin Ulutas et al. [20] . An integrated FAHP-DEA for multiple criteria ABC inventory classification by A.Hadi-Vencheh [21] . Develop a novel performance evaluation method, which integrates both FAHP method and fuzzy DEA for assisting organisations to make the supplier selection decision in auto lighting OEM company by R.J.Kou [22] . A hybrid FAHP-AR-DEA to assess the efficiencies of PV solar plant site candidates by Amy H. I. Lee et al. [23] . A integrated TFN-AHP-DEA approaches for renewable energy projects analyzed economic feasibility by Gan et al. [24] . A supplier performance evaluation model based on AHP and DEA by He-Yau-Kang [25] . A hybrid model including DEA-FAHP-TOPSIS for solar power plant location selection in Viet Nam by Chia-Nan Wang [26] . Figen Balo [27] proposed the selection of the best solar panel for the photovoltaic system design by using AHP. A hybrid model DEA-FANP for supporting the department selection process within Iran Amirkabir University by Babak Daneshvar Rouyendegh et al. [28] . A hybrid FANP-DEA approach for supplier evaluation and selection by Chia-Nan Wang [29] . In study GIS and FAHP for land analysis in Solar Farms by Ehsan Noorollahi [30] . An AHP to weight the criteria, whereas fuzzy TOPSIS was applied for the installation of solar ther-moelectric power plants on the coast of Murcia, Spain by Sánchez et al. [31] . A model with DEA and Malmquist index was constructed to evaluate the total factor energy efficiency (TFEE) in thermal power industry by Jin-Peng Liu [32] . An analytic network process (ANP) for selection of photovoltaic (PV) solar power projects by Pablo Aragones Beltran [33] . A decision and methodology to locate potential sites for large-scale Solar PV (SPV) plants focusing on various factors based on GIS by Ghazanfar Khan [34] .
A hybrid approaches as improvements for decision-making related to sustainability issues, while also promoting future application of the approaches by Edmundas Kazimieras Zavadskas [35] . In study reviewed of applications of MADM approaches for evaluation and selection of suppliers in a fuzzy environment by Mehdi Keshavarz Ghorabaee [36] . The solar panel for the photovoltaic system design by using AHP model by Figen Balo [27] . A hybrid model including GIS-DEM-AHP to identify the most suitable location for the installation of solar panel power plant in the Municipality of Knjaževac (East Serbia) by I. Potić et al. [37] . In study applied SWOT and Fuzzy Goal Programming to evaluating the strategies of compressed natural gas industry in Iran by Khan MI [38] . A Grey model and Decision Making Trial and Evaluation Laboratory (DEMATEL) to find out critical factors of green business failure L. Cui [39] . A new model based on the IFS and ANP technique to evaluate the critical factors of the application of nanotechnology in the construction industry by Shahram Shariati et al. [40] . A hybrid Multi-Criteria Decision Making (MCDM) approaches for strategic project portfolio selection of agro by products by Animesh Debnath et al. [41] . An integrated approach QFD-MCDM for green supplier selection by Morteza Yazdani [42] . A R'AMATEL-MAIRCA methods to evaluating the performance of suppliers in green supply chain implementation in electronics industry by Kajal Chatterjee [43] . A MCDM method by combining Analytical Hierarchal Process (AHP) and VlseKriterijuska Optimizacija I Komoromisno Resenje (VIKOR) methods under intervalvalued fuzzy environment to rank of sustainable manufacturing strategies by Sujit Singh et al. [44] . A multi-criteria group decision support based on the PROMETHEE method, which clearly depicts conflicting targets of decision-makers, and thus supports articulating criteria, preferences and weights of various stakeholders by Ute Weißfloch [45] . A decision framework of photovoltaic module selection under interval-valued intuitionistic fuzzy environment by Shengping Long [46] . A analytical hierarchy process (AHP) model identifying the weights of criteria in the MCDM problem by Halil I. Cobuloglu [47] . The MCDM approaches based on the Ratio system part of the MOORA method, which should enable an efficient selection of the adequate comminution circuit design by D. Stanujkic [48] . A hybrid MCDM model to addresses dependent relationships between various criteria and the vague information coming from decision-makers for improving and selecting suppliers in green supply chain management by James J.H. Liou [49] . A MCDM model for supplier selection in the construction company by Željko Stevi'c [50] . A hybrid BWM and Znumbers, namely ZBWM in supplier development by Hamed Aboutorab et al. [51] . A MCDM model for selection of suppliers in a company producing polyvinyl chloride (PVC) carpentry proposed by Gordan Stoji´c et al. [52] . Figure 3 illustrates the solar panel supplier selection process which is sequentially presented in three stages. Stage 1: Defining criteria. Initially, we define the criteria and sub criteria that affect the solar panel supplier selection, by interviewing experts, and performing a literature review of the research.
Materials and Methods

Research Development
Stage 2: In this stage, we combined the Analytical Hierarchy Process (AHP) with fuzzy logic to overcome the disadvantages of the AHP method. Thus, the FAHP model is the best technique for addressing complex problems of decision-making, which has a connection with various qualitative and quantitative attributes. In this work, FAHP is applied to determine the priority of all potential suppliers.
Stage 3: Applying several DEA models. In this step, all potential suppliers are ranked by several DEA models including BCC models, SBM models, and super SBM models. Triangular fuzzy number can be describe as:
A fuzzy number (FN) is given by the representatives of each level of membership function as following: 
Fuzzy Analytical Hierarchy Process (AHP)
Analytic Hierarchy Process (FAHP) embeds the fuzzy theory to basic Analytic Hierarchy Process (AHP), which was developed by Saaty [8] . FAHP is a widely used decision making technique in many MCDM problems. In a general AHP model, the objective is in the first level, the criteria and sub criteria are in the second and third levels respectively. Finally the options are found in the fourth level [56] .
There are seven steps of the FAHP procedure as following:
Step 1 Decision-maker compares the criteria or alternatives via linguistic terms as shown in Table 1 . Step 2 Calculation of Q 1
A pairwise comparison and relative scores as:
Step 3 Calculation of Q Y
The geometric fuzzy mean was established by (28) :
Step 4 Calculation of R
The fuzzy geometric mean was determined as:
Step 5 Calculation of Wb µl
The criteria depending on µ cut values are defined for the calculated β. The fuzzy priorities will apply for lower and upper bounds for each µ value:
Step 
Step 7 Calculation of X bd
Combining the upper and the lower bounds values by using the optimism index (α) to order to defuzzify:
Step 8 Calculation of W bz
The defuzzification values priorities are normalization by:
Data Envelopment Analysis (DEA) Model (1) Banker Charnes Cooper Model (BCC Model)
The input-oriented BCC (BCC-I) model proposed by Bankeretal [57, 58] , which is able to evaluate the efficiency of DMU 0 by solving the following linear program (LP) [58] :
Some boundary points may be "weakly efficient" because we have nonzero slacks. However, we can avoid being worried even in such cases by invoking the following linear program in which the slacks are taken to their maximal values [58] :
Therefore, it is to be noted that the preceding development amounts to solving the following problem in two steps [58] 
The dual multiplier form of the linear program (17) is expressed as [58] :
The scalar v 0 may be positive or negative (or zero). The equivalent BCC fractional program is obtained from the dual program (18) as [58] :
The improved activity (δ * a − t − * , b + t + * ) also can be illustrated as BCC efficient [58] . The output-oriented BCC model (BCC-O) is:
We have the associate multiplier form, which is expressed as [58] :
The f 0 is the scalar associated with ∑ n k=1 ϕ k = 1. The equivalent (BCC) fractional programming formulation for model (20) as bellows [58] : Input-oriented SBM under constant-returns-to-scale assumption [58] :
optimal solution of [SBM-O-C] be (ϕ * , t − * , t + * ) ( 
4) Super Slacks Based Measure Model
Tone [59] has proposed a super SBM model that measures the efficiency of the units under evaluation using slack variables only.
Results
The solar panel is the most important equipment in solar power plants. Solar panel supplier selection process is a complex and multi-faceted decision that can reduce the cost of purchasing equipment and supply equipment on time. Thus, the main objectives of this research is a proposed fuzzy MCDM model for supplier selection based on quality of services, product, risk managements, and suppliers' characteristics. 15 potential suppliers were selectied by interviewing experts based on quality of Solar panel, product capacity, delivery time, guarantee term, supplier's location, unit price . . . in Table 2 . The hierarchical structures of the FAHP model is shown in Figure 5 . A fuzzy comparison matrices of criteria and sub criterial are shown in Tables 3-11 .
During the defuzzification, we use α = 0.5 represents the uncertain environment, β = 0.5 represents the attitude of the evaluator is fair. The remaining calculation, as well as the fuzzy number priority point, the real number priority when comparing the key criteria pair are presented in Table 3 . 
For CR, with n = 4 we get RI = 0.9
As a results, CR = 0.089 ≤ 0.1, so the data is consistent, and does not need to be re-evaluate. The results of the pair comparison between the main criteria are presented in Table 4 . The remaining alternatives do the same as Table 10 . Table 11 . Comparision matrix of A1 based on Alternatives. S1 S2 S3 S4 S5 S6 S7 S8 S9 S10 S11 S12 S13 S14 S15 Weight
The weight of 15 potential suppliers from FAHP model are shown in Table 12 . The results of the FAHP model for the ranking of various suppliers on qualitative attributes are utilized in the output of qualitative benefits of the DEA models [60, 61] . In our research, inputs are those criteria that organizations would consider as an improvement if they were decreased in value (i.e., smaller values are better), whereas outputs are those criteria that organizations would consider as improvements if they were increased in value (i.e., larger is better). There are two inputs and two outputs of DEA model, including Unit Price (UP), Lead Time (LT), Qualitative Benefit (QB) and Cost Saving (CS) are shown in Figure 6 . All data of DEA models are shown in Table 13 . 
Isotonicity Test
The variables of inputs and outputs for the correlation coefficient matrices should comply with the isotonicity premise. The increase of inputs will not cause a decrease of outputs for another items. The results of the Isotonicity test is shown in Table 14 . As a result of Isotonicity test, shown in Table 13 , all correlation coefficients are positive and thus meet the basic assumption of the DEA model. Thus, we do not to change inputs and outputs of the DEA model. Then, several DEA models are applied for ranking solar panel suppliers.
Results and Discusion
Supplier selection has been defined as an important problem which could affect the efficiency of an organization. Solar panel supplier selection is complicated in that decision-makers must have a wide range of insight and perspectives about the qualitative and quantitative factors.
For the empirical work, the authors collected data from 15 potential suppliers in Taiwan. A hierarchical structure to select suppliers is built with four key criteria (including 15 sub-criteria). Completion of a questionnaire for analyzing in FAHP model was done by interviewing the experts and surveying the managers and company's databases. The FAHP is applied to define a priority of each supplier. Then, several DEA models are proposed for ranking suppliers. An optimal supplier are identified as extreme efficient at all proposed DEA models [29] . As the results, the DMU 1 is defined as extremely efficient for all six models as shown in Table 15 .
